Abstract: Treeline ecotones are considered early-warning monitors of the effects of climate warming on terrestrial ecosystems, but it is still unclear how tree growth at treeline will track the forecasted temperature rise in these cold environments. Here, we address this issue by analysing and projecting growth responses to climate on two different cold-limited alpine treelines: Pinus uncinata Ram. in the Spanish Pyrenees and Larix sibirica Ledeb. in the Russian Polar Urals. We assess radial-growth changes as a function of tree age and long-term climate variability using dendrochronology and a process-based model of tree growth. Climate-growth relationships were compared considering young (age < 50 years) and old trees (age > 75 years) separately. Warm summer conditions enhanced radial growth, particularly after the 1980s, in the Polar Urals sites, whereas growth was positively related to warm spring and winter conditions in the Pyrenees sites. These associations were stronger in young than in old trees for both tree species and regions. Forecasted warm conditions are expected to enhance growth rates in both regions, while the growing season is forecasted to lengthen in the Pyrenees treelines, mostly in young trees. The observed age-related responses to temperature also depend on the forecasted warming rates. Although the temperature sensitivity is overall increasing for young trees, those responses seem more divergent, or even reversed, throughout the contrasting emission scenarios. The RCP 8.5 emission scenario corresponding to the most pronounced warming and drier conditions (+4.8 • C) could also amplify drought stress in young trees from the Pyrenees treelines. Our modelling approach provides accessible tools to evaluate functional thresholds for tree growth in treeline ecotones under warmer conditions.
Introduction
Forecasted climate warming is projected to modify the productivity and distribution of forests and tree species, especially at cold-limited regions where warmer temperatures are predicted to enhance tree growth [1] . Rapid climate warming is expected to impact alpine and arctic treelines more intensely and rapidly than elsewhere, leading to enhanced growth and promoting upward treeline shifts or treeline encroachment, as has been already observed in several biomes [2] [3] [4] [5] .
At a global scale, seasonal temperatures correlate positively with treeline elevation [6] . However, climate effects on treeline position and tree growth depend not only on regional climate conditions but also on other local factors including treeline structure and tree age [7] , both affecting tree sensitivity to climate [8] . Dendrochronological studies focused on climate-growth relationships assume that, once the biological growth trend is removed, growth responses to climate are not dependent on tree age or size [9] . However, other studies have shown that trees respond to climate depending on their age [10] [11] [12] [13] [14] . Usually, old trees (age > 75 years) present greater growth sensitivity to climatic limitations than young trees (age < 50 years) [15, 16] .
Climate warming is spatially heterogeneous, with the highest rates of temperature increase observed in peripheral Eurasian regions such as the Polar Urals (larch treelines) and the Mediterranean Basin (mainly pine treelines) [17, 18] . Temperature thresholds have been proposed to explain abrupt changes in radial growth across these different treeline types dominated by diverse conifer species [19, 20] . However, upward treeline shifts have not always accompanied this growth stimulation, leading to a lag in treeline responses to climate [2, 21] . Therefore, changes in radial growth seem to be a more consistent proxy of long-term treeline responses to climate warming than shifts in treeline elevation [22] . Nevertheless, a better understanding on growth responses to climate at treeline is required if we aim to use these ecotones as monitors of the effects of climate warming.
There is a research gap on how tree age affects climate-growth relationships in multi-aged treeline populations where old and young trees differently respond to climate, and this different response may affect future treeline shifts [7] . The radial growth of treeline species is mainly limited by low air and soil temperatures during the growing season [18, [23] [24] [25] . However, rising temperatures may selectively affect trees as a function of their ages, promoting the dominance of the most responsive age classes [12] . Therefore, it can be hypothesized that climate warming might benefit young trees more than old ones through an extended growing season because tree meristems may become less sensitive to temperature as trees age, enlarge and lose hydraulic and growth efficiency, i.e., as their sapwood to leaf area ratio decreases [26] . Older trees tend to have shorter vegetation periods and produce fewer but larger cells per ring compared to young trees, which results in slower and shorter xylogenesis, making older trees less responsive to temperature variations [27] [28] [29] . In addition, older trees can face hydraulic constraints due to tree height and a long root-leaves path length, which can decrease the temperature correlations of certain individuals, particularly under favourable conditions [30] . In this sense, if climate warming relaxes the harsh environmental that constrains the growth at upper altitudinal limits, it can be expected that a "relaxation hypothesis" could selectively affect treeline shifts as a function of age [24] .
The recent development of process-based forward models of tree-ring formation such as the well-validated Vaganov-Shashkin-Lite model (hereafter the VS-Lite model [31, 32] ) offers a valuable tool for understanding age-dependent growth responses to climate warming at treeline [33, 34] . The VS-Lite model is one of the simplest computational approaches for understanding growth responses to regional climate [35] [36] [37] . The age dependence of tree growth responses to climate warming at treeline could be better understood by calculating and modelling the relationships between past climate and radial growth and considering different age classes [8] . Such climate-growth relationships can also be projected as a function of forecasted climate scenarios by using models of individual tree growth that allow for assessing future growth dynamics at the alpine treeline [7, 33] .
Here, we assess radial growth responses as a function of observed and forecasted climate under two emissions scenarios [38] using climate-growth correlations and the VS-Lite model, respectively. We compare treelines located in peripheral Eurasian regions dominated by different tree species such as the Mountain pine (Pinus uncinata Ram.) in the Spanish Pyrenees and the Siberian Larch (Larix sibirica Ledeb.) in the Russian Polar Urals (see [18] for more details of both sites). Our specific objectives are:
(1) to compare the growth responses to climate as related to local climatic variability and tree age, (2) to characterize age-dependent thresholds of growth response to temperature using the VS-Lite model, and (3) to explore the warming-induced changes in treeline growth dynamics under different climatic scenarios. We assume that larch trees from the Ural treelines will be more sensitive to growing-season temperatures because they are deciduous and grow in a much colder region than pine trees forming the Pyrenean treelines. We expect that rising temperatures will lengthen the growing season at treelines, with young trees exhibiting the highest sensitivity to climate warming.
Materials and Methods

Study Area and Tree Species
Throughout this paper, the treeline is defined as the highest elevation of 2-m tall trees and the treeline ecotone is defined as the transition between the highest elevation of closed forest with >50% of tree cover and the treeline. We selected two treeline sites located in the Spanish Pyrenees (Table 1 ; Figure 1 ) previously characterized in extensive fieldwork [2, 39] . The estimated maximum elevations of undisturbed treelines in the Pyrenees are 2200-2400 m a.s.l. [40] . The Ordesa site (hereafter OR) is an abrupt treeline influenced by strong winds shaping a dense krummholz belt, which explains the low elevation of this treeline, and subjected to cold and relatively dry conditions. The Tessó site (hereafter TE) is a diffuse treeline subjected to colder and wetter conditions. These treeline sites are located in the Mediterranean biome. Both sites have not been locally disturbed (logging, overgrazing, fire) for the past 50 years. The Pyrenean sites are dominated by Mountain pine (Pinus uncinata Ram.), which is a long-lived (it may reach 1000 years in age), slow-growing, evergreen and shade-intolerant conifer [41] . The species displays large ecological amplitude concerning topography and soil type [42] . Radial growth of P. uncinata starts in May and peaks in June-July, and latewood formation lasts from July to October [43] . Therefore, the growing season lasts from May to October. High-elevation Pyrenean P. uncinata forests usually form low-density, open-canopy stands located in steep, rocky and elevated sites and form the alpine treeline. The climate of the Pyrenees is strongly influenced by east-west and north-south gradients, with increasing Mediterranean conditions (e.g., warm and dry summers) eastwards and southwards, whereas continental conditions (e.g., cold winters) prevail in the Central Pyrenees [44] . Mediterranean summer drought is more important at OR than at TE site [45] . Mean annual temperature and total precipitation in the studied sites ranged from 2.0 to 4.9 • C and from 1200 (OR) to 2000 (TE) mm, respectively, with January and July as the coldest (mean −2.0 • C) and warmest (mean 12.5 • C) months, respectively [46] . Soils are mainly basic and acid in OR and TE sites, respectively. Local, regional, and gridded data were used to build the climatic series (see [7] ).
We also selected two sites located at the Polar Urals forming the treeline ecotone between 220 m and 450 m a.s.l. and dominated by larch (Larix sibirica Ledeb.), a deciduous and shade-intolerant conifer, with some scattered birch trees (Betula tortuosa Ledeb.) and shrubby junipers. These treeline sites are located in the Polar biome. Here we studied two nearby site CH and UR study sites forming the treeline (CH) and the forest-treeline transition (UR), respectively (Table 1; Figure 1 ). In these remote sites, the treeline has not been disturbed during at least the last two centuries [47] . Data of the Salekhard meteorological station (66.5° N, 66.7° E, 137 m a.s.l., located 55 km southeast of the CH and UR study sites) show a mean annual temperature of −6.4 °C, with July (+13.8 °C) and January (−24.4 °C) as the warmest and coldest months, respectively. According to climate-growth relationships and based on phenological field observations (needle and shoot elongation, stem wood formation), the Mean annual temperature and precipitation for the studied treelines during the 20th-century. The statistics show climatic trends (Pearson correlation coefficients, r) and the regression line for the temperature. Local, regional, and gridded data were used to build the climatic series (see [7] ).
We also selected two sites located at the Polar Urals forming the treeline ecotone between 220 m and 450 m a.s.l. and dominated by larch (Larix sibirica Ledeb.), a deciduous and shade-intolerant conifer, with some scattered birch trees (Betula tortuosa Ledeb.) and shrubby junipers. These treeline sites are located in the Polar biome. Here we studied two nearby site CH and UR study sites forming the treeline (CH) and the forest-treeline transition (UR), respectively (Table 1; Figure 1 ). In these remote sites, the treeline has not been disturbed during at least the last two centuries [47] . Data of the Salekhard meteorological station (66.5 • N, 66.7 • E, 137 m a.s.l., located 55 km southeast of the CH and UR study sites) show a mean annual temperature of −6.4 • C, with July (+13.8 • C) and January (−24.4 • C) as the warmest and coldest months, respectively. According to climate-growth relationships and based on phenological field observations (needle and shoot elongation, stem wood formation), the growing season lasts from June to August [48] . Mean annual precipitation is 415 mm, with 50% falling as snow. The Ural study sites have been not locally disturbed by fires, logging or overgrazing for at least the last two centuries. Maximum snow depth is 200-250 cm [49] . Soils develop on ultramafic rocks (peridotites).
Field Sampling and Dendrochronological Methods
At each site, we selected trees at least 30 years old growing in the same site and located at least 5 m apart from each other across a rectangular area of 4200 m 2 [7, 18, 41] . Two age groups were established based on previous analyses and considering old (age > 75 years) and young (age ≤ 50 years) trees. We sampled a minimum of 30 trees per age group for each site. We measured diameter at 1.3 m from the base (DBH) and height (H) of each tree using tapes ( Table 2 ). Two cores per tree at 1.3 m height were collected with a Pressler increment borer along the perpendicular direction to maximum slope. The cores were air dried, sanded with sand paper of progressively finer grain until tree rings became clearly visible. Samples were visually cross-dated, and their ring width series were measured to the nearest 0.01 mm using a LINTAB TM measuring device (Rinntech, Heidelberg, Germany). Cross-dating quality was checked using the program COFECHA [50] by comparing the consistency of the different ring-width series with mean site series of each age class using correlations. In cases of cores without pith, the rings to the pith was estimated by fitting a template of concentric circles with known radii to the innermost rings [51] . The number of growth rings in the missing radius was obtained by dividing the estimated length of the missing distance by the mean ring width obtained from the 20 innermost growth rings. Cores whose innermost rings were not close enough to the pith or did not curve were not used in the analyses of age effects.
To quantify climate-growth relationships, tree-ring widths were converted into ring-width indices (TRWi) by standardizing and detrending ring-width data for each tree using the program ARSTAN v.44 (Tucson, AZ, USA) [52] . Each tree ring-width series was detrended fitting a 30-year long spline to retain high-frequency variability. Detrending allowed transforming ring widths to dimensionless growth indexes by dividing observed tree-ring widths by fitted values. The resulting series were pre-whitened by using autoregressive models to remove temporal autocorrelation. Finally, a biweight robust mean was computed to obtain a residual chronology for each age group for each site that was used in all subsequent analyses.
Lastly, to assess the quality of tree-ring width series several dendrochronological statistics were calculated considering the common period 1950-2012 [9] : the first-order autocorrelation of raw width data (AC), the mean sensitivity (MS) of indexed ring-width indices, the mean correlation between trees (rbt), the variance accounted for by the first principal component (PC1) and the Expressed Population Signal (EPS), which measures the statistical quality of the mean site chronology compared with a perfect infinitely replicated chronology [53] . The part of the site chronologies that reached EPS values equal to or higher than 0.85 were regarded as reliable enough for calculating climate-growth correlations (Table 2) . 
Climate-Growth Analysis and Projected Scenarios
Monthly temperature data were combined into three regional datasets using data from local meteorological stations, see [7, 18] . In addition, the homogenized and quality-checked Climatic Research Unit-CRU (0.5 • resolution) [55] and European Climate Assessment & Dataset project, E-OBS v. 14.0 climate data sets (0.25 • resolution; [56] ) were used to get monthly temperature data (maximum, mean and minimum temperatures) for 1950-2012. We analysed climatic trends in the study areas at a regional scale and also quantified climate-growth relationship using monthly climatic data (total precipitation and mean temperatures) from these combined climate datasets. Due to a decreasing number of instrumental station records together with an increasing amount of uncertainty associated with climate data before the 1950s [57] , the statistical analyses (climate-growth correlations, models) were restricted to 1950-2012.
To quantify climate-growth relationships between TRWi and monthly climate data, we calculated bootstrapped Pearson correlation coefficients for the common period 1950-2012. These correlations were calculated from previous August to current October, i.e., during the year of tree-ring formation, based on previous analyses of P. uncinata [43] and L. sibirica [18] . To assess whether these relationships were stable through time, we calculated 20-year long moving correlations overlapping by one year, taking into consideration those climate variables significantly (p < 0.05) correlated with TRWi. Comparisons of variables between age groups were assessed using one-way ANOVA.
The climate data projected for the 21st century was downscaled cf.
[58] at a 0.25 • spatial resolution from the fifth phase of the Coupled Model Intercomparison Project ensemble CMIP5 [59] ; We selected two [38] AR5 (Fifth Assessment Report) scenarios, specifically the scenario (Representative Concentration Pathway, RCP 8.5) that most closely tracked recent historical emissions, and one lower-emission scenario (RCP 2.6) in which the increase in annual emissions is more gradual and declines after the mid-21st-century. These scenarios result in +4.8 • C (RCP 8.5) +0.3 • C (RCP 2.6) global warming rates, respectively, by the year 2100, relative to the late-20th-century baseline.
Temperature-Driven Growth Projections Based on the VS-Lite Model
We simulate TRWi as a function of climate using the VS-Lite model and a Bayesian parameter estimation approach [35] . The model estimates monthly soil moisture using the Leaky Bucket Model of hydrology where all precipitation is assumed to be liquid. For each year, the model simulates standardized tree-ring width anomalies from the minimum of the monthly growth responses to temperature (gT) and moisture (gM), modulated by insolation (gE). The growth response functions for temperature (gT) and moisture (gM) in VS-Lite involve only two parameters. The first parameter represents the temperature (T 1 ) or moisture (M 1 ) thresholds below which growth will not occur, whereas the second parameter is the optimal temperature (T 2 ) or moisture (M 2 ) thresholds above which growth is not limited by climate. The growth function parameters were estimated for each species using Bayesian calibration. Day length is determined from site latitude and does not vary between years. This scheme assumes normally distributed errors for the modelled TRWi values. The posterior median for each parameter was used to obtain the calibrated growth response for the selected age group for each site. Finally, the model was run over the entire period 1950-2012 using the calibrated parameters for each age group to produce a simulated tree-ring chronology (TRWi VSL ) that represents an estimate of the age-site climate signal of tree growth [35] . The model was evaluated 10,000 times for each site using three parallel Markov Chain Monte Carlo chains with uniform prior distribution for each parameter and a white Gaussian noise model error [35] . To compute annual TRWi values with simulated TRWi VSL values, we integrated the overall simulated growth rates (gT, gM and gE) over the time window from August of the year prior to growth to October of the year of tree-ring formation. To evaluate the temporal stability of the calibrated growth response functions, we divided the period 1950-2012 into two intervals , and withhold the second half for validation of the parameters estimated in the first half.
The climate-growth relationships calculated using Pearson correlations were re-examined by applying stepwise multiple linear regressions to identify the effects of temperature on the observed TRWi data, and to project TRWi for the two age groups. Only those climate variables highly correlated with TRWi (r > |0.30|, p < 0.05) were considered in the temperature-driven TRWi projections under the abovementioned scenarios. Monthly temperatures for each site were transformed into normalized standard deviations to give them the same weight in the fitted models. Additionally, we evaluated the existence of multicollinearity among explanatory variables by calculating the variance inflation factor (VIF), which was lower than two, confirming no redundancy problems with the data. The selected models were run to forecast the TRWi of each site and age group (hereafter TRWi p ) for the 2013-2050 and 2050-2100 periods under the two emission scenarios. Finally, we conducted VS-Lite models on TRWi p series over the same periods to estimate growth responses (gT, gM) and parameters (T 1 , T 2 , M 1 , M 2 ) under future climate projections.
All analyses were conducted using the R statistical package [60] . We used the function dredge [61] of the R package MuMIn [60] using the lowest Akaike Information Criterion (AIC) for selecting the most parsimonious regression model [62] . The models were fitted using Generalized Least-Squares estimation (GLS) and the R package nlme [63] .
Results
Age-Related Growth Responsiveness to Temperature
Warming trends during the 1901-2012 periods were stronger in the Pyrenean than in the Ural treelines ( Figure 1 ). In contrast, the precipitation showed positive trends in Polar Urals. In terms of growth, we found significant (p < 0.01) higher ring-width values in young trees (mean 1.62 mm in P. uncinata and 1.09 mm in L. sibirica) than in old trees (mean 1.32 mm in P. uncinata and 0.62 mm in L. sibirica) ( Table 2) . Regarding dendrochronological statistics, young P. uncinata trees had the lowest values of first-order autocorrelation (AC), while old trees in both species presented the highest synchrony among trees (rbt) and the highest percentage of common variance (PC), except for old trees in the Urals CH site, suggesting a high responsiveness to climate (Table 2 ). Mean sensitivity was higher in young trees for P. uncinata and for old trees in L. sibirica. In all cases the EPS was above the 0.85 threshold usually considered for well-replicated chronologies or mean series (Table 2) .
Warm summer conditions enhanced growth in the Ural treelines with stronger correlations in young trees. Specifically, higher June-July temperatures were related to wider ring widths, particularly at the CH site (Figure 2 ). In contrast, warm current-spring and previous-winter conditions enhanced P. uncinata growth at Pyrenean treelines. These associations were also higher in young trees for OR and TE sites. Previous November temperature was also positively correlated with TRWi, with this correlation being higher in OR than in TE, particularly in old trees (Figure 2 ) (F = 2.86, p < 0.05).
Figure 2.
Pearson correlation coefficients calculated between P. uncinata and L. sibirica radial growth age groups (ring-width indexes) and the monthly mean, maximum and minimum temperatures for 1950-2012 in the Pyrenean treelines (OR, TE) and Ural treelines (CH, UR). Growth is related with climate data from the previous (months abbreviated by lowercase letters) and current (months and seasons (YR, annual; WI, winter; SP, spring; SU, summer) abbreviated by uppercase letters) years, the current year being that of tree-ring formation. The significance levels of correlation coefficients are indicated by dashed dark grey lines (p < 0.05) and light grey horizontal lines (p < 0.01).
Moving correlations between radial growth and the significant temperatures showed a noticeable shift in the 1980s with changes from negative to positive values for July minimum temperature in L. sibirica treelines, higher in young trees than in old ones (Figure 3 ). The influence of minimum May temperature on P. uncinata growth decreased more in OR than in TE Pyrenean treelines. In contrast, previous November temperatures were playing opposite roles by enhancing or decreasing growth since 1980s in OR and TE sites, respectively. Pearson correlation coefficients calculated between P. uncinata and L. sibirica radial growth age groups (ring-width indexes) and the monthly mean, maximum and minimum temperatures for 1950-2012 in the Pyrenean treelines (OR, TE) and Ural treelines (CH, UR). Growth is related with climate data from the previous (months abbreviated by lowercase letters) and current (months and seasons (YR, annual; WI, winter; SP, spring; SU, summer) abbreviated by uppercase letters) years, the current year being that of tree-ring formation. The significance levels of correlation coefficients are indicated by dashed dark grey lines (p < 0.05) and light grey horizontal lines (p < 0.01).
Moving correlations between radial growth and the significant temperatures showed a noticeable shift in the 1980s with changes from negative to positive values for July minimum temperature in L. sibirica treelines, higher in young trees than in old ones (Figure 3 ). The influence of minimum May temperature on P. uncinata growth decreased more in OR than in TE Pyrenean treelines. In contrast, previous November temperatures were playing opposite roles by enhancing or decreasing growth since 1980s in OR and TE sites, respectively. . Dashed horizontal lines indicate statistically significant correlation coefficients (p < 0.05) for previous maximum November temperature (lines) and current minimum May temperature (symbols) in Pinus uncinata Pyrenean treelines (OR, TE); current (year t) maximum July temperature (lines) and current minimum July temperature (symbols) in Urals Larix sibirica treelines (CH, UR). Sites' codes are as in Table 1 .
Process-Based Modelling of Tree Growth at Treeline
The VS-Lite model accurately predicted the year-to-year variability in TRWi during the 1950-2012 period for the two conifer species (Table 3 ; Figure 4 ). The modelled growth responses to Dashed horizontal lines indicate statistically significant correlation coefficients (p < 0.05) for previous maximum November temperature (lines) and current minimum May temperature (symbols) in Pinus uncinata Pyrenean treelines (OR, TE); current (year t) maximum July temperature (lines) and current minimum July temperature (symbols) in Urals Larix sibirica treelines (CH, UR). Sites' codes are as in Table 1 .
The VS-Lite model accurately predicted the year-to-year variability in TRWi during the 1950-2012 period for the two conifer species (Table 3; Figure 4 ). The modelled growth responses to temperature (gT) were higher in young trees for OR and CH sites (F = 6.75, p < 0.05), in contrast to the TE and UR sites (Figure 4) . The mean growth response to temperature (gT) in the Pyrenean treelines peaked from April (May) to October in OR (TE) site, whilst the gT peaked from May to September in the Ural treelines in response to this extremely cold-limited environment. Tree growth was not limited by soil moisture (gM) as expected in response to high-elevation environment ( Figure 5 ), except for OR site, where the growth constrains by low summer moisture, higher in young trees. The estimated minimum and optimal thresholds (T 1 , T 2 and M 1 , M 2 ) for growth confirmed the highest sensitivity of young P. uncinata trees and old L. sibirica trees to cold temperatures (maximum T 2 value). The estimated higher value of M 2 (optimal soil moisture conditions for growth) in P. uncinata confirmed the sensitivity to dry conditions in the Mediterranean treelines, especially in the OR site (Table 3; Figure 5 ). temperature (gT) were higher in young trees for OR and CH sites (F = 6.75, p < 0.05), in contrast to the TE and UR sites (Figure 4 ). The mean growth response to temperature (gT) in the Pyrenean treelines peaked from April (May) to October in OR (TE) site, whilst the gT peaked from May to September in the Ural treelines in response to this extremely cold-limited environment. Tree growth was not limited by soil moisture (gM) as expected in response to high-elevation environment ( Figure 5 ), except for OR site, where the growth constrains by low summer moisture, higher in young trees. The estimated minimum and optimal thresholds (T1, T2 and M1, M2) for growth confirmed the highest sensitivity of young P. uncinata trees and old L. sibirica trees to cold temperatures (maximum T2 value). The estimated higher value of M2 (optimal soil moisture conditions for growth) in P. uncinata confirmed the sensitivity to dry conditions in the Mediterranean treelines, especially in the OR site (Table 3 ; Figure 5 ). and projected mean monthly growth response curves considering temperature (gT, symbols) and soil moisture (gM, lines) for each age group (blue, old trees; red, young trees) at the studied treeline sites. Projected growth response curves correspond to two IPCC AR5 emission scenarios (RCP 2.6 and RCP 8.5, with +0.3° and +4.8° C projected warming, respectively) and to the 2050-2100 period. The arrows show the estimated period with temperature above the minimum thresholds for growth (T1). Sites' codes are as in Table 1 . . Sites' codes are as in Table 1 . 
Growth Projections at Treeline Based on Climate-Growth Relationships
The selected climate-based models explained on average higher TRWi variance in old (69% OR, 47% TE) than in young (45% OR, 33% TE) P. uncinata trees. In the case of L. sibirica the explained variance (average 55%) was similar between age classes (Table 4 ). The climate predictors were similar to the most influential monthly climate variables detected in the analyses of climate-growth relationships (Figures 2 and 3) . The predicted TRWi series based on GLS climate-growth models were within the range of the observed values for the 1950-2012 period. 
Age-Related Changes in the Projections of Climatic Thresholds
Under the climate scenarios (RCP 2.6 and RCP 8.5), growth at the Pyrenean and Ural studied treelines is forecasted to be increasingly favoured by rising temperatures, i.e., trees will show higher growth rates throughout a longer growing season (Figures 4 and 5) . In other words, growth at treeline will be less limited by cold conditions. The Pyrenean OR treeline would experience persistent warmer conditions through the year, causing that water shortage may limit growth in young trees (under RCP 8.5) ( Figure 5 ). On the contrary, the Ural treelines are projected to show mainly higher growth rates, but similar growing season as nowadays ( Figure 5 ). Warming would enhance growth, more in young trees than in old trees for the Ural CH site under both emission scenarios.
The minimum temperature threshold for growth (T 1 ) will decrease in most sites, related to relaxation in temperature limitation during the onset of the growing season during the second half of the 21st-century (Table 4) ; and confirming that a marked advance of spring phenology could occur during the next decades. These decreases will be higher in young than in old trees. On the contrary the temperature at which growth is not limited (T 2 ) will increase only in Pyrenean treeline sites (OR and TE), thus lengthening the growing season ( Figure 5 ; Table 5 ). Thus, the forecasted warmer growing season would positively affect the growth of these treelines by enhancing their functional thresholds for optimal growth responses (i.e., gT), which are generally higher in young than in old trees ( Figure 5 ). The estimated optimal thresholds (T 2 , M 2 ) for growth confirmed the highest sensitivity of young trees in the Pyrenean OR treeline to low soil moisture (maximum T 2 and M 2 values) under the RCP 8.5 scenario. We observed an increase of the minimum and optimum temperatures thresholds of growth (T 1 and T 2 ) and a decrease in minimum soil moisture (M 1 ) for tree growth (Table 5) . Consequently, growing conditions for young trees in the OR site under the RCP 8.5 scenario would sharply deteriorate because of declining soil water availability, with this limitation more pronounced in the former site than in TE.
Discussion
Growth Responsiveness to Rising Temperature at the Treeline
We found positive trends in growth responses to rising temperatures in Eurasian treelines located in different biomes, but such responses significantly varied with tree age [7, 10, 11] . These growth improvements are linked to recent temperature rising trends (Figure 1 ), suggesting climate warming may favour tree growth, expand growing season length and thus promote treeline advances [7, 64] .
Tree growth is strongly linked to recent inter-annual variability in growing season air temperature according to our results (Figures 2 and 3 ; Table 4 ) [6] . Positive temperature-growth relationships were observed in both young and old treeline individuals for both tree species suggesting a common response to warming regardless tree age, species or site [11] . However, younger individuals present a stronger linkage to growing season temperatures than older individuals as we hypothesized (Figure 2) . These results may be explained by a relaxation of the thermal gradient within treeline ecotones under which the dependence of tree growth on temperature may decrease in response to recent warming trends at higher elevations [24] . Growth may still keep improving in response to warming despite local or regional differences while it relies mainly in young trees growth sensitivity [3, 7] .
Tree growth at alpine treelines from the Polar Urals (CH, UR) and the Pyrenees (OR, TE) responded more to growing season temperatures than to precipitation, and this response has been stable (Pyrenees) or strengthened (Polar Urals) after the 1980s, when temperatures started rising rapidly (Figure 3 ), see also [18, 65] . Our results show that treeline growth is responding to climate warming by increasing growth rates and growing season, particularly at the Polar Urals where L. sibirica growth is mainly constrained by the short growing season and cold summer conditions [48] . However, at the Pyrenees study sites, warming trends after 1950 were more pronounced than in the Urals due to the contribution of increasingly warmer summer conditions [18] . This highlights that the typical representation featuring a straight northward or upward growth enhancement (e.g., in [5] for Scots pine) is more complex, with the role of precipitation that should not be overlooked at some drought-prone treelines [66, 67] . In this context, we cannot discount the fact that rising atmospheric CO 2 concentrations may ameliorate drought-induced growth reductions in lower latitudes (i.e., P. uncinata at OR treeline) subjected to warmer and drier climates [68] .
The described patterns match those found in previous studies in the Pyrenees where most P. uncinata growth processes (shoot and needle elongation, tree-ring thickening and lignification) occur from May to October [69] . In this area P. uncinata radial growth at treeline is favoured by warmer May-June conditions [24, [69] [70] [71] . Warm temperatures at the end of the growing season (November) do not directly influence radial growth, but could enhance the synthesis of carbohydrates during late autumn that will be later allocated for earlywood formation the following year [72] . In the case of L. sibirica most growth processes occur from June to August [48, 73] and its radial growth is favoured by warmer June and July temperatures (Figures 2 and 4) . In addition, the key role of summer temperature on the increasing growth rates of such Polar treelines might be also related to the snow amount, duration and cover [74] . Previous investigations across the Siberian subarctic treelines, including CH and UR study sites, found a delayed snow melt due to increasing winter precipitation [75] . Late snow melting could have postponed the onset of cambial activity, thus leading to slower growth and a loss of growth sensitivity to summer temperatures [23] . A similar detrimental effect of snow pack duration on growth has not been yet assessed for P. uncinata in the Pyrenees to the best of our knowledge. Those studies should consider the asymmetry of xylogenesis in P. uncinata, i.e., the fact that growth rates are much faster in the early (May-August) than in the late (September-November) growing season [43] . This implies that warm conditions early in the growing season may advance the spring cambial onset and determine the maximum growth rates for both treeline species, and possibly determine most of the final tree-ring width [23, 76] (Figure 5 ). Other drivers such as changes in light availability [77] , nitrogen deposition and rising CO 2 , biotic interactions, disturbance regime and local adaptations could also affect treeline growth, but their roles have to be further explored.
Climate Warming Influences Growth at Treeline Depending on Tree Age
The projected warming trends will have contrasting effects on the performance of P. uncinata and L. sibirica age groups at treeline ( Figure 5 ; Tables 4 and 5 ), which agrees with recent observations of growth increase in some of these sites [7, 18] . We found evidence suggesting a notable growth improvement in cold-limited alpine treelines, which also agrees with previous findings [3, 78] . These results suggest the existence of age-related changes in endogenous parameters possibly linked to the hydraulic conductivity and the tree carbon balance including vulnerability to winter desiccation [79] . Our results support the idea that rising spring to summer temperatures become more limiting for growth as trees become older as previously observed [16] . Such age dependence of tree growth responsiveness or sensitivity to climate could be explained by physiological changes (alterations in photosynthesis rates, changes in carbon or nutrient allocation to sinks or growing meristems, less efficient hydraulic architecture, etc.) as trees age and enlarge [80, 81] . These ontogenetic changes affect xylogenesis [27] and modify growth-climate relationships [11] on these shade-intolerant conifer species. Additionally, old and usually large and dominant trees should display improved growth conditions by lowering sensitivity to competition despite increasing tree height leading to decreasing hydraulic conductance [82] . Hydraulic constraints are increasingly limiting as trees age, thus inducing stressful conditions in older individuals [26] . These include higher climate sensitivity in stressed trees and a more prominent growth-climate signal observed in tree-ring data [83] . Conversely, younger trees are able to face adverse weather conditions due to the longer lasting stomatal opening inducing higher assimilation rates and possibly improving their growth rate [84] . In harsh environmental conditions, this strategy, with regard to gas exchange and growth, could ensure a higher rate of tracheid production and, thus, a higher growth rate under rising temperatures, but perhaps at the cost of a greater mortality risk [80] and, from the dendroecological point of view, a weaker (more complacent) tree-ring record of climatic signals [11, 29] .
Our models forecast higher growth rates under future scenarios for younger treeline individuals ( Figure 5 ). These individuals became established under higher temperatures and atmospheric CO 2 concentrations than old individuals, which improves their growth and development [84] . Similar results were found by [68] that found a markedly higher growth of younger P. uncinata trees in the Pyrenees and attributed it to an increase in air temperature. It must be noted that old individuals tend also to display increasing growth rates despite expected constant growth under the theoretical logistic growth model [85] . Forecasted warmer conditions would lengthen the growing season of high-elevation mountain pine sites where growth enhancement is projected ( Figure 5 ). The magnitude and speed at which these changes might occur are affected by tree age and, thus partially depend on non-climatic forcings, with fastest and greater growth shifts ( Figure 5 ; Table 5 ) occurring under the most rapidly warming RCP 8.5 scenario [86] . The most substantial impacts on growth are predicted to be positive for young trees in the CH treeline site located at the Polar Urals, which agrees with 20th-century reports of warming-triggered growth responses in the Polar Urals [18] . Our projections confirm that growth improvements are linked to age-dependent temperature responses to rising trends, despite dry conditions in the OR treeline site, suggesting warming may favour tree growth ( Figure 2 ) and promote treeline advances under forecasted 21st-climate scenarios ( Figure 5 ) [3] . We projected high growth rates for young trees in both species under the moderately warmer RCP 2.6 and the warmest RCP 8.5 scenarios ( Figure 5 ; Table 4 ), but also extended growing season in P. uncinata Pyrenean treelines [67] . We also expect that the OR site growing under the influence of Mediterranean dry conditions may be negatively influenced by warming-induced drought stress and will be most sensitive under the RCP 8.5 scenario [33] , although the rises in atmospheric CO 2 concentrations may help to avoid the forecasted drought-induced growth reductions [68] . This site is showing a rapid encroachment with abundant shrubby krummholz individuals, shaped by windy conditions and a shallow snowpack, suggesting a rapid growth enhancement in response to the warmer climate [7] .
In general, climate projections forecast longer growing seasons in Pyrenees treeline and higher growth rates in the Polar Ural treeline ( Figure 5 ), but other local factors such an extended snow-free period or wetter conditions could also explain the acceleration of growth rates in these cold places [49, 87] . This would imply higher growth sensitivity to climate during the early growing season, suggesting a prominent advance of spring onset as already observed in xylogenesis investigations [88] . The minimum temperature threshold for growth (T 1 ) will decrease in all sites, related to relaxation in temperature limitation during the onset of the growing season throughout the second half of the 21st-century (Table 4) . This indicates that a marked advance of spring phenology could occur during the 21-st century [89] ; although other studies have emphasized that snow depth and total precipitation also play an important role in regulating spring vegetation phenology in mountain ecosystems [74] . On the contrary, the temperature at which growth is not limited (T 2 ) will increase in Pyrenean treeline sites, where a longer growing season is forecasted (Table 5) . Therefore, the projected hotter and longer growing season would positively affect the growth of Eurasian treeline populations by enhancing their functional thresholds for optimal growth responses (i.e., gT) ( Figure 5 ; Table 4 ). In contrast, cloudiness or a longer or deeper snowpack could greatly condition this growth improvement by reducing the growing season [87] .
Although every modelling approach has limitations, assumptions and associated handicaps, our methodological framework provides robust results that are in accordance with what has been observed in field studies on treelines as monitors of climate warming [2, 90] . Nevertheless, process-based models show limitations because climate constrains other demographic processes than growth not considered in our study (e.g., regeneration, mortality; see [5] ). We focused on radial growth, but primary growth and leaf phenology are also prominent components of forest productivity and leaf flushing is expected to advance due to climate warming [91] . Further studies could integrate our approach based on a process-based growth model with other components of forest dynamics such as regeneration or mortality [7, 92, 93] to produce better and more realistic forecasts of treeline shifts in a warmer world.
Conclusions
We provide new evidences showing climate-induced growth changes for Mediterranean and Polar treelines located at the Spanish Pyrenees and the Russian Urals, respectively. We also present a novel approach by accounting for growth shifts in response to forecasted 21st-century climate warming scenarios. Our results support that the projected warming-induced responses at the treeline are contingent on tree age. This temperature-induced enhancement on radial growth is forecasted to strengthen under upcoming decades in young trees. The RCP 8.5 emission scenario corresponding to the most pronounced warming conditions (+4.8 • C) could also amplify drought stress in trees from drought-prone treelines, as might occur in some Pyrenean treelines. The use of a process-based growth model revealed changing growth responses to climate warming. These forecasts imply that a warmer climate would lead to increase growth in both treeline species, higher in young than in old trees, but also involves an extended growing season for P. uncinata treelines at the Pyrenees. Our approach provides accessible tools to evaluate functional thresholds for growth that may be used as "early-warning monitors" of climate change effects. 
